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Crystal structure of common type acylphosphatase from 
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Giampietro Ramponi2 and Pär Nordlund1*
Background: Acylphosphatase (ACP) is a low molecular weight phosphomono-
hydrolase catalyzing with high specificity the hydrolysis of the carboxyl-phosphate
bond present in acylphosphates. The enzyme is thought to regulate metabolic
processes in which acylphosphates are involved, such as glycolysis and the pro-
duction of ribonucleotides. Furthermore the enzyme is capable of hydrolyzing the
phospho-aspartyl intermediate formed during the action of membrane pumps such
as (Ca2+ +Mg2+) ATPase. Although the tertiary structure of a muscle ACP has
been determined by NMR spectroscopy, little is known about the catalytic mecha-
nism of ACP and further structures might provide an increased understanding.
Results: The structure of ‘common type’ ACP from bovine testis has been
determined by X-ray crystallography to a resolution of 1.8 Å. The structure has
been refined to an R factor of 17.0 % using all data between 15 and 1.8 Å. The
binding of a sulphate and a chloride ion in the active centre allows a detailed
description of this site. The overall protein folds of common type and muscle ACP
are similar but their loops have very different conformations. These differences, in
part, are probably caused by the binding of the ions in the active site of the
common type form. The phosphate-binding loop of ACP shows some remarkable
similarities to that of low molecular weight protein tyrosine phosphatase.
Conclusions: The active site of ACP has been located, enabling a reaction
mechanism to be suggested in which the phosphate moiety bound to Arg23 acts
as a base, abstracting a proton from a nucleophilic water molecule liganded to
Asn41. The transition-state intermediate is stabilized by the phosphate-binding
loop. We suggest the catalysis to be substrate assisted, which probably explains
why this enzyme can only hydrolyze acylphosphates.
Introduction
Acylphosphatase (ACP; E.C. 3.6.1.7) is one of the small-
est enzymes known, with a molecular weight of 11 kDa
(98 residues). It catalyzes the hydrolysis of acylphos-
phates, such as 1,3-bisphosphoglycerate, acetylphosphate,
carbamoylphosphate, succinyl phosphate, and b-aspartyl-
phosphate membrane pump intermediates [1]. ACP
differs from alkaline phosphatases, acid phosphatases or
protein phosphatases by its inability to hydrolyze other
phosphate esters or anhydrides.
Although there is some debate about the exact biologi-
cal function of ACP, it is increasingly apparent that it
could play a regulatory role in all metabolic processes in
which acylphosphates are involved, most notably glycoly-
sis and pyrimidine biosynthesis [1]. In these processes,
acylphosphatase is suggested to be involved in feed-
back mechanisms or control of intracellular levels of 
carbamoylphosphate or 1,3-bisphosphoglycerate. Further-
more it is thought to be involved in the hydrolysis of the
phosphorylated aspartyl intermediates formed during the
action of membrane pumps such as the (Ca2+ +Mg2+)
ATPase and the (Na+/K+)ATPase of the neuronal and ery-
throcyte cell membranes [2,3]. ACP from erythrocytes has
a very high affinity for the intermediate formed during the
action of the erythrocyte membrane sodium pump and is
thought to hydrolyze these intermediates [4]. ACP could
thereby affect the coupling between ATP hydrolysis and
cation transport, modifying the normal ordered reaction
sequence and short-circuiting the cation transport system.
Since ACP indirectly promotes polyphosphoinositide
dephosphorylation, probably through regulation of intra-
cellular Ca2+ levels, it has been suggested that ACP has a
role in inositol lipid metabolism in platelets [5].
Acylphosphatase is an ubiquitous enzyme that is found in
many tissues, mainly of vertebrate species, as a cytosolic
protein. Cytosolic ACP exists as two isoenzymes sharing
over 50% sequence homology, which suggests that both
are derived from a common ancestor by gene duplication
[6–8]. The two isoenzymes are present at different ratios 
in various tissues and have been called muscular and 
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erythrocyte (or common type) acylphosphatase. The amino
acid sequence of the two isoenzymes in different animal
classes is highly conserved [9]. Both enzymes exhibit
similar kinetic properties, for example a pH optimum of
5.3 to 5.5 [6], although the common type enzyme has a
somewhat higher specific activity.
The three-dimensional structure of the muscular isoen-
zyme from horse muscle has been determined by NMR
spectroscopy [10,11]. It has a globular a/b fold, consisting
of a b sheet with five antiparallel strands and two a helices
packed parallel on the same side of the sheet, forming an
a/b sandwich protein. The secondary structure elements
can be considered as two intercalating bab units, which
gives rise to a 4-1-3-2 b strand topology. This arrangement
has also been observed in ferrodoxin [12], the activation
domain of pro-carboxypeptidase [13,14], the RNA-binding
domain of the small nuclear ribonucleoprotein (RNP) A
and C [15], the C-terminal domain of ribosomal protein
L7/L12 [16] and L30 [17]. The histidine containing
phospho-carrier protein (HPr) displays a similar fold but
has a different topology [18,19]. Since ACP, HPr and RNP
are all involved in phosphate binding and share a similar
fold despite having no significant sequence homology, a
common phosphate-binding motif has been suggested
[20]. This motif is located at the N terminus of the first
helix where, in all three proteins, important basic residues
involved in the binding of phosphate are located.
Although many sequences of ACP from different organ-
isms are available and an NMR structure for horse muscle
acylphosphatase is known, there is still surprisingly little
known about the reaction mechanism. The proposed
mechanism for the muscle enzyme suggests that the sub-
strate is held primarily by the binding of its phosphate
moiety to a positively charged group with pKa 12.0 and less
so to a second residue with a pKa of 7.9 [21]. A water mol-
ecule bound locally, probably to a hydrophilic sidechain, is
likely to be the nucleophilic agent during the first step 
of hydrolysis. The second (rate-limiting) step is electron
withdrawal by the substrate acyl group. Chemical modifica-
tion studies and site-directed mutagenesis showed that the
conserved Arg23 at the N-terminal end of the first helix is
the principal residue involved in the binding of the phos-
phate group of the substrate [22]. However, there has been
no clear identification of the second positively-charged
residue in this mechanism or of the residue that activates
the nucleophilic water molecule. From NMR studies using
a competitive inhibitor and [Cr(CN)6]3– as a relaxation
probe it became clear that the active site was in the neigh-
bourhood of the C terminus in a rather shallow cavity [10].
This has been partly confirmed by recent mutational
studies [23,24]. Site-directed mutagenesis experiments on
Asn41 have shown that this residue is essential for catalysis
[25]. Since only Kcat is affected by the mutations and not
Km or Ki, it is thought that Asn41 is probably directly
involved  in the reaction mechanism by polarizing and 
orientating the water molecule.
Although the NMR structure showed the three-dimen-
sional fold of acylphosphatase, the composition of the
active site and hence the structural basis for the catalytic
action of acylphosphatase are still unknown. Here we
describe determination of the structure of common-type
ACP from bovine testis by X-ray diffraction. A comparison
with the NMR structure is made. The presence of a sul-
phate ion and a chloride, both competitive inhibitors of
the enzyme, in the active centre allowed the site to be
located and described in detail.
Results and discussion
Overall structure
The structure of acylphosphatase has been solved to a 
resolution of 1.8Å with an R factor of 17.0% for all data
between 15 and 1.8Å. The structure shows a five-stranded
mixed b sheet with two a helices running parallel to the
b sheet. The b sheet is slightly curved with a right-handed
twist. The a helices protect one side of the b sheet,
whereas the other side is exposed to the solvent. Hydropho-
bic residues from the a helices and b sheet intercalate to
form the core of the enzyme. The overall structure reveals a
very compact protein with the dimensions 35×35×45Å.
The loops between secondary structure elements are rela-
tively short at the bottom side of the molecule, whereas at
the top they are slightly longer (Fig. 1).
At the top of the molecule, loop 14–21, connecting the
first strand in b sheet to the first a helix, forms an
extended stretch with two type IV b turns (residues 14–17
and residues 17–20 ) (Fig. 2). This uncommon conforma-
tion is due to the unusual f/ψ combinations of Gly15,
Gly19 and Phe21. This loop is stabilized by interactions of
Val17, which occupies a hydrophobic pocket formed by
residues Ile13, Phe22, Val47 and Ile75. Further stabiliza-
tion results from hydrogen bonds between the amide
group of Phe14 and carbonyl oxygen of Arg77, the Nε2
Gln18 and carbonyl oxygens of Thr46 and Thr42, and the
carbonyl oxygen of Phe21 and the amide group of Tyr25.
This loop is involved in some crystal packing interac-
tions; the sidechain of Phe21 points towards an interface
between two crystallographically related molecules, where
it is stabilized by hydrophobic interactions with His60,
Glu63, Trp64 and Lys68 of the neighbouring molecule.
The loop 42–45 forms a tight type I b turn connecting
strands 2 and 3 of the b sheet. Loop 68–74 has an extended
conformation and runs along loop 14–21, resulting in hydro-
gen-bonding interactions between the two. Loop 68–74
makes a type I b turn at residues from 70 to 73.
At the bottom of the molecule, one short loop (residues
33–35) connects helix I to strand 2, whereas no loop is
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found between strand 3 and the second helix. A long loop
(residues 86–93) running across the whole of the bottom of
the molecule connects strand 4 to the C-terminal strand 5.
This loop is stabilized by several hydrogen bonds, both
from sidechain atoms and backbone atoms.
Comparison to the NMR structure of muscle type
acylphosphatase.
The NMR structure of muscle form acylphosphatase is
known [11]. This enzyme has 50% homology with the
common type acylphosphatase. The NMR data consist of
an ensemble of five structures. To facilitate the comparison
of the X-ray structure and the NMR ensemble, an averaged
NMR structure was calculated (see Materials and methods).
Comparison of the averaged NMR and X-ray structure 
of the two acylphosphatases shows that the secondary
structure elements are preserved and well conserved in
both structures and that only some of the details differ.
The b bulge observed in the NMR structure at position 88
is missing and the b sheet is regular in the X-ray structure.
The beginnings and ends of the secondary structure ele-
ments also differ slightly between the X-ray and NMR
structures.
A comparison between Ca positions in the averaged and
regularized NMR structure and the X-ray structure shows 
a root mean square (rms) difference of about 3.1 Å for all 
98 Ca positions. When only the 76 core Ca positions are
compared, the rms difference decreases to 1.3 Å (Table 1
for comparison of individual NMR structures). The atoms
omitted during the comparison are located in the loops con-
necting secondary structure elements. The conformation of
these loops is very different in the averaged NMR and
X-ray structures. In particular loops 14–21, 42–45, 51–55
and 68–76 are mobile in the NMR structure. The X-ray
structure does not show any disordered regions except for
the N-terminal residues; the density of the residues in the
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Figure 1
The tertiary structure of acylphosphatase.
(a) Front view, a helices are in red, b strands
in blue. (b) Side view, orientation is
approximately 90° to Figure 1a. (c) Stereo
diagram of a Ca trace of ACP. Every tenth
residue is labelled.
loops is well defined and the conformation of the residues
is unambiguous. The biggest difference between the two
structures is found in loop 14–21. The position of this loop
in the X-ray structure is up to 6Å from the mean Ca posi-
tions in the averaged NMR structure, and the loop in the
X-ray structure has a well defined conformation that has not
been observed in any of the five structures in the NMR
ensemble (see Fig. 3). It is possible that the cause of these
differences is the binding of a sulphate and a chloride ion
(see below). The exact conformation of the loops might be
induced by this binding, especially that of the chloride ion,
because it makes many interactions with backbone atoms.
A sequence comparison between muscle and common type
ACPs shows that the residues of the loop are quite well pre-
served and not likely to be the cause of the conformational
change. Since this loop is also involved in some crystal con-
tacts, these could also be a cause of the difference in confor-
mation. However the conformation of this loop is very
similar to the phosphate-binding loop found in low molecu-
lar weight protein tyrosine phosphatase (lmPTP) [26] and it
seems very likely that crystal contacts are not a cause of the
difference. Another possibility is that the loop structures
are underdetermined in the NMR structure.
These differences cause the X-ray structure to be more
compact than the NMR structure. This is also observed in
other proteins for which NMR and X-ray structures have
been compared [27,28].
Crystal contacts
A range of crystal contacts is made in the lattice. Some 
of these are hydrophobic interactions such as those made
by Phe21, His60, Glu63, Trp64 and Lys68. These inter-
actions are further extended by the interaction of Lys68
with the sulphate ion bound in the active site of a sym-
metry-related molecule. These contacts are extensive
enough to give the impression that the enzyme could act
as a dimer, but no biochemical evidence has been found
to corroborate such an assumption. In muscle ACP,
residue 68 is not conserved as a lysine. Residue 67 is a
lysine, but mutations of this residue have no effect on
activity (N Taddei, unpublished results). The position 
of Phe21 in common type ACP is curious, since it is
located on the surface and would be fully exposed in a
monomeric form of the protein. The fact that Phe21 is
exposed suggests that it has some functional importance
and that this area might be part of a protein–protein inter-
action surface and/or the binding site for substrate mol-
ecules. The corresponding residue is a cysteine in muscle
acylphosphatase. The position of this residue is unknown
since it is part of a mobile loop in the muscle acylphos-
phatase structure.
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Table 1
Structures of the NMR ensemble of muscle type acylphosphatase compared with X-ray structure of common type acylphosphatase
in root mean square deviations.
ACP NMR1 NMR2 NMR3 NMR4 NMR5
All residues (Å) 3.377 3.446 3.911 3.494 3.698
Core residues (Å) 1.94 (76) 1.471 (75) 2.049 (78) 1.481 (76) 1.320 (74)
Number of compared residues in the core is shown in parentheses.
Figure 2
Stereo diagram of the structure of loop
13–24. For clarity, the backbone of the
protein is drawn as a ribbon and the
sidechains are represented by a ball-and-stick
model. Atoms are shown in standard colours.
Sulphate-binding sites and the active site
Together the three loops at the top of the enzyme create a
shallow groove on the surface into which a sulphate ion is
bound to the N-terminal end of the first a helix. The sul-
phate molecule makes extensive contacts with the guani-
dinium group of Arg23 and makes additional hydrogen
bonds to the backbone amide groups of Phe21, Arg23 and
Lys24 (Fig. 4). Furthermore, it makes a hydrogen bond to
Lys68 from a symmetry-related molecule. Several water
molecules participate in hydrogen bonds with the sul-
phate molecule. During the refinement it was noticed that
a water molecule near the sulphate ion had developed a
very low B factor; this was interpreted to mean that it
could actually be a chloride ion, a competitive inhibitor for
acylphosphatase [21]. Chloride was present in the crystal-
lization set-up as the buffer was titrated to the correct pH
using HCl, and could also be present as a contaminant of
the PEG4000 used. In addition, the observed interactions
supported the assumption that this peak might be a chlo-
ride ion, and it was refined as such. This ion makes many
interactions to the backbone amide groups of residues
19–21; it is also in contact with the sulphate ion and a
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Figure 3
The X-ray structure of common type
acylphosphatase superimposed on the NMR
ensemble of the muscle form acylphos-
phatase. (a) The complete structure; the X-ray
structure is labelled every tenth residue.
(b) Close up of the superimposition of loop
12–26; the X-ray structure is labelled at every
second residue. The NMR structures are
drawn as thin white coils and the X-ray
structure as a thick black coil.
Figure 4
The active site of acylphosphatase. (a) Stereo diagram of the structure of the active site; atoms in are shown in standard colours. (b) Schematic
overview of the sulphate-binding site.
water molecule (Fig. 4). The short distance between the
sulphate and the chloride ions suggests that the sulphate
ion is protonated at pH3.5 which allows the presumed
interaction between these ions. The Arg23 sidechain is at
3.8Å from the sidechain of Asn41. Asn41 makes a further
contact to a water molecule, but the latter is not in contact
with the sulphate ion. No other polar groups are found in
the neighbourhood of the sulphate ion.
A comparison of the phosphate-binding loops of ACP with
these of lmPTP [26], which has a cradle-like loop structure
common to all protein tyrosine phosphatases, shows that
they are remarkably similar (rms difference for 37 equiva-
lent atoms is 1.33Å) (Fig. 5). In both enzymes the main
interactions involved in the binding of the phosphate
moiety are made through an arginine residue, which makes
a bidentate interaction through its guanidinium head
group, and through backbone nitrogens of residues in the
phosphate-binding cradle. In both enzymes a sulphate ion
is found in the active site; however, the sulphate ion in
lmPTP is bound deeper into the pocket and makes more
extensive contacts with backbone atoms. In the superpo-
sition it can be observed that one of the oxygens of the 
sulphate ion in lmPTP is replaced by the chloride ion in
ACP (Fig. 5).
In lmPTP, the nucleophilic agent is a cysteine at position
12, at the edge of the phosphate-binding loop. No such
residue can be found in acylphosphatase because the phos-
phate-binding loops of both enzymes are very different
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Figure 5
Stereo diagram of the superposition of the
phosphate-binding loops in protein
phosphotyrosine phosphatase (PTP, white)
and acylphosphatase (dark grey). Labels for
residues in ACP are on top, those for PTP at
the bottom.
Figure 6
Sulphate binding in acylphosphatase. (a) The two sulphate-binding sites
in acylphosphatase. The active site sulphate ion is numbered Sul-1, the
other sulphate ion Sul-2. The protein is depicted as a coil, the sidechains
of Phe22, Arg23, Asn41, His60, Trp64 and Lys68 are shown as ball-
and-stick models. (b) The crystallographic dimer. The interactions with
the symmetry-related molecule in the region of the sulphate-binding site.
The symmetry-related molecule is labelled by inverted commas.
(c) Close-up view of the sulphate-binding site and dimeric interactions.
Labels for residues from a symmetry-related molecule are in inverted
commas. Atoms are shown in standard colours.
towards the edge of the loops. The entrance to the phos-
phate-binding cradle is also relatively different in the two
enzymes.
The second catalytic residue in lmPTP, Asp129, is found near
Arg18 in close proximity to the sulphate ion. This residue
functions as proton donor for the tyrosine leaving group in the
lmPTP reaction. In ACP, Asn41 can be found at an equiva-
lent position. This conserved residue has been shown to be
important for activity [25]; however, in the present structure
Asn41 does not make any direct or indirect interactions to 
the sulphate ion, nor is it directly hydrogen bonded to Arg23. 
A second sulphate molecule is located on a depression on
the surface of the protein bound to Lys32, His60 and
Lys68. Glu29 also makes contact with this sulphate ion.
The density shows that this site is not fully occupied. No
residues involved in binding this sulphate ion have been
showed to be essential for the activity of the enzyme or
conserved within the acylphosphatase family (N Taddei,
personal communication). Due to crystal packing, Lys68
makes contact to both sulphate ions (Fig. 6).
Implications for the catalytic mechanism of
acylphosphatases
In the present structure a well defined active-site struc-
ture is formed in the presence of anions such as sulphate
and chloride; this site appears to be suitable for catalyzing
phosphoryl transfer reactions. However, since chloride is 
a competitive inhibitor of the enzyme, it is very likely 
that the sulphate ion has been pushed somewhat out of
the true phosphate-binding site by the chloride ion and
that the new position of the sulphate ion is stabilized by
interaction with Lys68 from a crystallographically-related
molecule (Fig. 6c). Hence crystal contacts also affect the
binding of the sulphate ion. It is difficult to estimate the
extent of distortion in the conformation of loop 14–21
caused by crystal contacts; however, the similarity with
the phosphate-binding loop of lmPTP suggests that such
distortions are limited. Since Lys68 is not conserved
within the acylphosphatase family and mutations on a
positionally equivalent lysine (Lys67) did not affect activ-
ity (N Taddei, unpublished results), it is unlikely that the
protein works as a dimer with this lysine residue in the
active site. The functionally relevant phosphate-binding
site is instead probably deeper down in the active-site
pocket. Modelling studies show that it is possible to posi-
tion the sulphate ion further down in the pocket, and that
the phosphate group, in this position, would make many
more interactions with the enzyme. It was found that the
sulphate ion is best positioned when one of its oxygen
atoms is put in the position of the present chloride. With a
phosphate ion bound at this position, the water molecule
in the current structure, bound to Asn41 and the backbone
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Figure 7
Schematic picture of the proposed reaction
mechanism.
oxygen of Val17, would be well positioned to act as nucle-
ophile in the reaction. Another possibility is that the phos-
phate moiety of the substrate binds even deeper down in
the pocket and is occupying the position of this water mol-
ecule; however, this is much less likely since from the
modelling it can be seen that the phosphate would make
direct contact to the carbonyl oxygen of Val17, which is
stereochemically unfavourable.
As in protein tyrosine phosphatases, the key feature of 
the ACP active site is the phosphate-binding cradle. This
structure appears to be particularly well suited for binding
the phosphate moiety as well as stabilizing highly nega-
tively charged reaction intermediates. Although the rela-
tionship of the phosphate-binding cradle to other catalytic
elements is somewhat different in the active sites of ACP
and lmPTP, they most probably have very similar roles in
the reaction mechanisms of the two enzymes. We expect
that the phosphate-binding loop and the position of Arg23
are very similar in both isoforms of ACP and that these
elements have a similar function in phosphate binding and
intermediate stabilization. This is confirmed by the lower-
ing of the pKa of free benzoyl-phosphate (pKa=4.8) upon
binding to the enzyme (pKa=3.7) [21].
Mutants of all polar/charged residues near the active site
and mutants with inserted or deleted residues at the C ter-
minus have been made (N Taddei, unpublished results
and [23,24]). None of these mutants has any major cat-
alytic effect except mutations of Arg23 and Asn41 [22,25].
We conclude that, of the residues with pKa’s of >12 and
7.9 implicated in the reaction mechanism, Arg23 is respon-
sible for the pKa of >12. Since there are no available candi-
dates for the residue with a pKa of 7.9 we argue that this
residue is not directly involved in the reaction mechanism.
Another likely candidate for a catalytic residue in our 
structure is Asn41. On the basis of the modelled sulphate-
binding site, the water molecule interacting with Asn41 is
well positioned to function as the attacking nucleophile.
Furthermore, a Asn41→Asp mutant only shows some resid-
ual activity (1% of wild type activity), indicating that the
neutral charge of the asparagine may be important for the
catalytic process (N Taddei, personal communication).
There is a possibility that this residue could have a double
role in the activation of the water nucleophile, both by ori-
enting the water molecule and by serving as a base,
accepting a proton from the water molecule. However, it is
very uncommon for an asparagine to have the role of a
general base. It is clear from the structure that any muta-
tion of Asn41 would strongly affect the positioning of this
water molecule, which might explain why all mutations
made at this site result in no or little catalytic activity [25].
Therefore the role of Asn41 is most likely to position the
nucleophilic water molecule.
The strongest hypothesis for the reaction mechanism is
that the phosphate ion itself accepts the proton of the
water nucleophile in the reaction cycle. Such a mechanism
has been suggested to be the case for the GTPase cat-
alyzed hydrolysis of GTP [29], which is similar in the
sense that the GTPases also act in the absence of metals
or protein-derived nucleophiles. In this mechanism Asn41,
together with the phosphate-binding loop, can stabilize
the transition intermediate (see Fig. 7 for the proposed
reaction mechanism). The second step in the reaction
mechanism will be a dissociation of the leaving acyl group
and the phosphate group. Therefore the catalytic ability 
of the acylphosphatases might not involve any protein 
catalyzed general acid/base chemistry but would instead
be mediated mainly through the phosphate-binding cradle
and the correct positioning of the water nucleophile. This
may explain their inability to dephosphorylate phosphate
esters or anhydrides in which the leaving group is less
favourable.
Biological implications
Phosphatases play an important role in the regulation 
of many important physiological processes from signal
transduction and glycogen metabolism to fatty acid syn-
thesis. In recent years, structural information has become
available for a wide range of these enzymes. These
studies provide suggestions for the mechanisms of phos-
phatases as well as the structural basis for their substrate
specificity. Acylphosphatase (ACP) is a small phospho-
monohydrolase thought to participate in the regulation of
glycolytic pathways and the synthesis of pyrimidines.
Furthermore, it has a high specificity for the phosphoas-
partyl-intermediate of Na+/K+ membrane-pumps and it is
thought to affect the coupling between ATP hydrolysis
and cation transport.
Here we describe the X-ray crystal structure of common
type ACP. The overall structure of the protein is similar
to the structure of muscle form ACP, but the conforma-
tion of loop regions is markedly different. This is most
probably caused by the binding of a sulphate and a chlo-
ride ion. The binding of these ions in the active site
allows a detailed description of the active site. The phos-
phate-binding loop of ACP is remarkably similar to that
in protein phosphotyrosine phosphatases. 
Based on the active site, a mechanism is proposed in
which a water molecule bound to Asn41 acts as a nucle-
ophile, while the phosphate group is bound to Arg23.
The phosphate group acts as a base in the first step, sub-
tracting a proton from the water molecule. The protein
molecule itself has no nucleophile, which may explain
ACP’s inability to dephosphorylate phosphate esters or
anhydrides whose leaving groups are less favourable;
this is probably the cause of the substrate specificity of
acylphosphatase. This mechanism can serve as a model
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for other acyl-phosphatases, such as the aspartyl-phos-
phatases involved in bacterial sporulation signal trans-
duction [30].
Materials and methods
Crystallization and native data collection
The crystallization has been reported previously [31]. The protein was
purified as previously described [9]. Crystals were grown by the hanging
drop method at 4°C from 25mM acetate buffer (pH3.5) 30% PEG4000
and 0.2M ammonium sulphate. The space group of these crystals is C2
with a=63.3Å, b=36.2Å, c=45.3Å and b =104.1° and one acylphos-
phatase molecule in the asymmetric unit. A complete native data set to a
resolution of 1.8Å and three heavy atom derivative data sets have been
collected on a MAR-Research image plate using CuKa from a Siemens
rotating anode equipped with a graphite monochromator. Data col-
lection, reduction and scaling were carried out using the programs
MARXDS and MARSCALE [32].
Molecular replacement studies
Molecular replacement (MR) studies were started using structures from
the NMR ensemble as starting search models. All MR studies were per-
formed using AMoRe [33]. Several different approaches were tried,
from using one structure out of the ensemble to summations of struc-
tures or using an average model based on all five structures from the
NMR ensemble, or only a subset of the latter. The NMR structures were
used as polyalanine or polyserine models. In an alternative approach,
non-conserved residues were changed into alanines. The B factors of
the models were either all set to 25Å2 or increased B factors for the
mobile loops were used. Combinations of all the above possibilities
were tried.
Using three structures out of the ensemble of five, superimposed as
polyserine chains, a reasonable solution could be obtained from AMoRe
(Table 2). Inspection of the packing of the molecules in the crystal did
not show any major violations. However the subsequent refinement of
this solution with X-PLOR did not converge and while the R factor
decreased to 41%, Rfree increased to 60%. 10 % of the data, randomly
chosen, was used for calculations of Rfree [34]. X-PLOR was run using
different protocols and resolution limits, but none of these resulted in
convergence of refinement. At that stage it was decided to solve the
structure by multiple isomorphous replacement (MIR) methods.
After the structure was solved by MIR it appeared that the rotation
function solution was correct, but that the translation function had mis-
aligned the b sheet by one strand.
Multiple isomorphous replacement
In total, three isomorphous derivative data sets have been collected
(Table 3). The compounds were potassium osmate (K2OsO4.2H2O),
p-chloro-mercury-benzoyl sulphonic acid (PCMBS) and uranyl-acetate
(UO2(CH3COO)2). All derivatives were prepared by dissolving the
heavy-atom derivative in native mother liquor. Scaling and merging of the
derivative data was performed using software from the software package
BIOMOL (protein crystallography group, university of Groningen, the
Netherlands) and the CCP4 suite of programs [35]. The K2OsO4 differ-
ence Patterson maps had low noise and a principal heavy atom site
could easily be identified. A second site was later identified by inspec-
tion of a difference Fourier map. Difference Fourier maps were also used
for the identification of heavy atom positions for the other two derivatives.
Anomalous differences for PCMBS and UO2(CH3COO)2 were included
in the phasing and were used to establish the correct hand of the struc-
ture. Refinement of the heavy atom parameters was carried out using
MLPHARE [36]. Individual B factors for the different heavy atom sites
were not refined but kept fixed at 20Å2. The figure of merit was 0.54 
for 2475 reflections between 30.0Å and 2.8Å resolution (Figure of
merit= |F(hkl)best| / |F(hkl)| with F(hkl)best =ΣaP(a)Fhkl(a) /ΣaP(a)).
Density modification and refinement
The program DM [37] was used to calculate a map which was modi-
fied by solvent flattening, histogram matching and skeletonizing.
Phases from back transformation of this map were used to further
refine the heavy-atom parameters [38], which resulted in an average
change of ~10 % in occupancy and B factors and allowed the identifi-
cation of a fifth uranyl position using difference Fourier maps. This
process was carried out twice, at which point the refinement had con-
verged and the mean figure of merit between 30.0 and 2.8 Å had
improved from 0.54 to 0.59 (see Table 4 for more statistics for the
heavy-atom derivatives).
The skeletonized map calculated at 2.8 Å using the optimized heavy-
atom parameters showed the five stranded b sheet very clearly and one
of the structures from the NMR ensemble was roughly positioned in the
density. This model was used as a guide in the tracing of the common
type ACP molecule. Residues 6 to 90 and the sidechains for about 80
residues could be built into the map using O [39]. The incomplete
model was refined against the modified phases using X-PLOR [40] and
a new map was calculated using SIGMAA weighting [41] to combine
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Table 2
Results from AMoRe using NMR1, NMR4 and NMR5 together
as polyserine model.
Proper solution peak* Next highest*
Rotation 13.8, -, (5) 0.18, -, (1)
Translation 0.22, 57 %, (1) 0.16, 58.8 %, (2)
FitFun 0.54, 48.4 %, (1) 0.42, 52.1 %, (2)
Figures refer to correlation, R factor, peak number in (in parentheses) in
that order. Where *R factor ={Σhkl ( ||Fobs |– |Fcalc || ) /Σhkl ( |Fobs | )}×100%.
Table 3
Data collection statistics.
a b c b Rmerge* Comp. Res. Refl. Uniq. Rderiv†
(Å) (Å) (Å) (Å) (%) (%) (Å) Refl. (%)
Native 63.2 36.3 45.2 104.1 5.9 98.8 1.8 41285 8949
KOs 62.5 36.2 45.1 104.1 6.2 73 2.1 5487 3840 32.6
(10 mM 20h)
UO2(CH3COO)2 64.5 36.5 45.2 103.8 8.4 91 2.6 10753 2926 43.1
(12 mM 1200 h)
Hg(CH3COO)2 62.8 36.3 45.0 104.1 8.3 97.8 2.8 9016 2541 25.1
(10 mM 504 h)
*Rmerge = {Σhkl Σrefl. | I (hkl,j) – I (hkl) | / Σhkl Σrefl. | I (hkl,j) |} × 100 %. †Rderiv = {Σhkl || Fderiv (hkl) | – | Fnative (hkl) / Σhkl | Fnative | } × 100%.
the partial model phases and the MIR phases between 2.8 and 15 Å.
The new map allowed full tracing of the chain and all sidechains. The
model was subsequently refined using TNT [42,43]. During refinement
the resolution was gradually extended to 1.8 Å resolution. SIGMAA-
weighted 2|Fo|–|Fc|, |Fo|–|Fc| and OMIT maps [44] were used for model
inspection and rebuilding using the program O. Water molecules were
located in |Fo|–|Fc| maps. Peaks with a density > 2.5s above the mean
were identified and used as possible water positions. Only water mol-
ecules at proper distances from protein atoms were kept. Those that
developed B factors higher than 65 Å2 were removed from the model.
In total 75 water molecules were identified. During refinement electron
density that has been identified as two sulphate ions, one of them par-
tially occupied, and a chloride ion also appeared.
At an R factor of 17.9 % and an Rfree of 23.5 % for data between 15
and 1.8 Å it was decided to incorporate the 10 % ‘free’ data for a final
round of refinement. The final R factor for all data between 15 and 1.8Å
is 17.0 %. The final model is of good quality as tested by PROCHECK
[45] and there are no outliers in the Ramachandran plot [46] (90.5%
residues in core, 9.5 % of residues in additionally allowed regions). The
rms deviations from the ideal values of Engh and Huber [47] are
0.010 Å for bonds, 1.7° for bond angles and 16.9° for dihedrals. The
mean thermal B factor for all atoms is 26.4Å2. The estimated rms posi-
tional error in the coordinates, derived from a SIGMAA plot, is 0.14Å.
Except for the first two N-terminal residues and the sidechains for some
residues on the surface of the molecule for which the density is weak,
the density for the model is good (Fig. 8).
Averaged NMR structure
The NMR ensemble of horse muscle acylphosphatase available from
the Protein Data Bank [48], code 1APS, contains five structures [11].
All of these structures were used to obtain an average structure using
the program Moleman (GJ Kleywegt & TA Jones, unpublished results);
this structure was then regularized using geometry refinement by the
TNT package. The averaged structure was compared to the individual
structures of the NMR ensemble (see Table 1) and the X-ray structure
of the common type acylphosphatase by using the program SUPPOS
from the BIOMOL package.
Accession numbers
The coordinates have been submitted to the protein databank at
Brookhaven (ID code 2acy).
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